We describe innovative methodology for monitoring alterations in bladder oxygenation and haemodynamics in humans using near-infrared spectroscopy (NIRS). Concentrations of the chromophores oxygenated (O 2 Hb) and deoxygenated (HHb) haemoglobin and their sum (total haemoglobin) differ during bladder contraction in health and disease. A wireless device that incorporates three paired light emitting diodes (wavelengths 760 and 850 nanometers) and silicon photodiode detector collects data transcutaneously (10 Hz) with the emitter/detector over the bladder during spontaneous bladder emptying. Data analysis indicates comparable patterns of change in chromophore concentration in healthy children and adults (positive trend during voiding, predominantly due to elevated O 2 Hb), but different changes in symptomatic subjects with characteristic chromophore patterns identified for voiding dysfunction due to specific pathophysiologies: bladder outlet obstruction (males), overactive bladder (females), and nonneurogenic dysfunction (children). Comparison with NIRS muscle data suggests altered bladder haemodynamics and/or oxygenation may underlie voiding dysfunction offering new insight into the causal physiology.
Introduction
Near-infrared spectroscopy (NIRS) is an established noninvasive optical technique, which uses light in the nearinfrared (NIR) spectrum (700-1000 nm) to monitor tissue oxygenation and haemodynamics transcutaneously by measuring changes in chromophore concentration in the microcirculation (oxygenated [O 2 Hb] and deoxygenated [HHb] haemoglobin) [1] [2] [3] [4] . These changes (expressed as µmol/100 mL) are measured in real-time as a change relative to baseline. Changes in total haemoglobin concentration [tHb] (the sum of [O 2 Hb] and [HHb] ) indicate change in blood volume [5, 6] . The physics principles underlying this technology, the wide range of research using NIRS [1, 3, 4] , and the NIRS-derived parameters with validated methods of measurement [3] have been comprehensively described. However, urological applications are recent, and NIRS monitoring of the bladder (detrusor muscle) is a novel use of NIRS, and a disruptive technology in the context of the evaluation of voiding dysfunction, as a noninvasive measure of changes in oxygenation and haemodynamics during voiding is now feasible. The evolution and technical aspects of NIRS use in urology have been reviewed [4, 7] ; evidence is accumulating that the patterns of change in [O 2 Hb], [HHb] , and [tHb] observed in the bladder microcirculation during the voiding cycle differ in health and disease, and algorithms based on noninvasive NIRS data have comparable discriminant ability to invasive pressure flow studies (the current clinical "gold standard") for diagnosing and classifying males with lower urinary tract symptoms as either obstructed or unobstructed [8] [9] [10] .
Confidence that NIRS monitoring of the bladder contributes novel physiologic information comes from: existing knowledge of the physics of NIR light penetration, scattering, and absorption in tissue [1, 3] ; research studies, predominantly on muscle, showing that vascular pathology involving the microcirculation affects tissue haemodynamics and oxygenation [1, 2, 5] ; and understanding of the physiologic mechanisms that determine how a functional microcirculation provides for and responds to changes in oxygen demand [11] [12] [13] . Prior urologic research has identified that functional and structural abnormalities in the bladder are associated with decreased blood flow in the organ's microcirculation. During normal cyclic filling and emptying blood vessels must lengthen and shorten while maintaining adequate muscle perfusion [14] and blood flow depends largely on local regulation [15] . Various conditions decrease bladder blood flow including bladder outlet obstruction due to prostatic enlargement [16, 17] . Changes in microvascular resistance may be secondary to structural changes in the bladder wall and vasculature [18] . Decreased blood flow and reduced bladder wall compliance are correlated; ischemia impairs compliance and contractility and may lead to structural change [15, 18] .
NIRS studies on the surgically exposed rabbit bladder show identical effects in response to hypoxia to those seen using NIRS in other tissues [19] . In the human, NIRS-derived voiding changes are only detected with an emitter/detector over the bladder (not elsewhere on the abdomen); and dynamic changes in [O 2 Hb], [HHb] , and [tHb] occur in the detrusor during sustained urge without passage of urine (when bladder volume and position are constant) which indicates NIRS detects physiologic change rather than volume-or movement-mediated effects [20] .
The initial urological research used NIRS instruments with lasers [4, 7-10, 19, 21, 22] ; however, the size and configuration of such instruments constrains patients. A miniature wireless device with light emitting diodes (LEDs) in place of lasers developed for muscle studies [23] has been used in a pilot study [20, 24] to confirm the feasibility of wireless bladder monitoring in ambulant subjects. Conventional and wireless instruments (interfaces illustrated in Figure 1 ) identify that NIRS patterns of change in chromophore concentration differ between asymptomatic subjects and those with voiding dysfunction and that characteristic patters occur with specific bladder pathologies [7-10, 20, 24] .
This report describes a study to further explore the use of wireless NIRS in asymptomatic and symptomatic subjects, and analyze the chromophore changes obtained during spontaneous voiding using physiologic interpretation from NIRS muscle studies. Our hypothesis was that a consistent pattern of change in chromophore concentration [O 2 Hb], [HHb] , and [tHb] occurs in asymptomatic subjects that reflects a balance in oxygen supply and demand in response to bladder contraction and that this pattern would differ in children with voiding dysfunction and suggest impairment of detrusor haemodynamics and/or oxygenation, if the changes observed paralleled NIRS muscle data where changes in oxygen supply and demand occur due to local or systemic pathology or were induced experimentally.
Methods
This study received ethical approval (H08-01443) from the University of British Columbia. Figure 1 : A laser-powered instrument's fiber optic cable and emitter detector interface attached over the bladder of a child; and a selfcontained led-powered device positioned for bladder monitoring.
Participants.
A cohort of children referred for evaluation of symptoms of lower urinary tract dysfunction and diagnosed with nonneurogenic lower urinary tract dysfunction (NLUTD) and a convenience sample of healthy asymptomatic adults and children.
Instrumentation.
The full specifications of the instrument ("PortaMon", Artinis Medical Technologies, BV, the Netherlands) have been described [23] . Features making the device ideal for urologic study include: compact dimensions, weight 84 gm, size 83 × 52 × 20 cm; LEDs with wavelengths of 760 and 850 nm, an incorporated emitter/detector interface with ambient light protection for transcutaneous transmission and detection of the optical signals, rechargeable battery, 10 Hz sampling, 2 megabyte internal memory; Bluetooth, real-time data transfer to a remote computer for graphic display, and software algorithms based on existing instrumentation [22] . Data was collected using a 4 cm emitter/detector distance in adults and 3.5 cm in children.
Procedure.
Following informed consent, the NIRS device was attached to the skin of the anterior abdominal wall using double-sided adhesive discs (3M, Saint Paul, Minn, USA), with the emitter/detector interface across the midline 2 cm superior to the symphysis pubis (the site used previously for bladder NIRS) [7, 8, 21] . Subjects could then remain ambulant and were provided with water to drink to naturally fill the bladder. Prior to voiding subjects were asked to stand (adults) or sit (children) and remain still, baseline data was obtained, then permission to void (naturally and without abdominal straining) was given, with monitoring continuing at 10 Hz beyond the end of urine flow. The device was removed, and graphic display of chromophore concentration from each study generated. Times for permission to void, the start and end of urine flow were obtained, and in symptomatic subjects a conventional uroflow scale (Laborie Medical Technologies Inc., Mississauga, ON, Canada) was used to measure voided volume, peak and average flow.
Data Analysis.
The difference between the NIR light emitted into the tissue and the photons returning was used to derive changes in [O 2 Hb] and [HHb] , and [tHb] from raw optical data using proprietary software [22] . Graphs of chromophore change against time for each void in each subject were analyzed to identify overall consistency in the patterns of change and define whether an increase, and decrease or plateau was evident in [O 2 Hb], [HHb] , and [tHb] at or during 3 phases of voiding: on permission to void, following the start of urine flow and over the duration of voiding (bladder contraction). Visual comparison was then made within and between 3 sets of graphs: (1) all asymptomatic adults, (2) all asymptomatic children, and (3) all children with symptoms of lower urinary tract dysfunction. Comparison was made visually rather than mathematically because the duration of voiding, volume voided, and magnitude of chromophore change would show individual variation.
Results
37 subjects were enrolled: 16 asymptomatic adults (19-41 years), 5 asymptomatic children (5-17 years), and 16 symptomatic children (with NLUTD Table 1 ). The wireless device monitored data successfully in each subject.
In all asymptomatic subjects the pattern of change in chromophore concentration from permission to void to uroflow end was comparable, although the magnitude of change and duration of voiding varied between individuals. Asymptomatic children Figure 5 is a representative example of this pattern with the relationship to uroflow and voided volume illustrated.
Discussion
This study reports wireless NIRS monitoring of changes in chromophore concentration in the detrusor microcirculation during voiding. The wireless system was particularly useful in studies involving children; its small size and ease of application generated no anxiety, limitation [HHb] in all compartments of the microcirculation (arterial, capillary, and venous) [1, 4, 5] , and thus reflects the dynamic relationship between haemodynamic changes in the microcirculation and tissue oxygen delivery and utilization [2] . Interpreted in the context of the physiologic changes and effects on muscle function described in NIRS studies of skeletal muscle [1-3, 5, 6, 26-28] , the chromophore patterns we observed support our hypothesis that changes in detrusor [O 2 Hb], [HHb] , and [tHb] reflect whether or not the hemodynamic and oxygenation requirements of the bladder are being met during contraction.
In health the microvasculature maintains tissue oxygenation in response to variations in metabolic demand [11] [12] [13] via "an ensemble of (neuronal-, endothelial-, and erythrocyte-mediated) signaling pathways" [13] . These integrate smooth muscle and endothelial cell function, determine convection and diffusion of oxygen, and dictate where blood flow is distributed [11] . Initially when muscle contracts terminal arteriole calibre increases, then as metabolic demand rises intermediate and proximal arterioles are recruited [12, 13] . Thus the normal hemodynamic response to the onset of contraction is an increase in blood volume [tHb] [5, 6, 26] , with the proportional contribution of an increase in [O 2 Hb] or [HHb] depending on the level of workload [6, 26] . In light exercise, arterial inflow may exceed oxygen utilization [5] that is, [O 2 Hb] and [tHb] will increase, as we observed in asymptomatic subjects at the start of voiding.
However, microvascular function is influenced by the health of the subject, the "fitness" of the muscle, and the workload required for contraction [2, 5, 12, 26] . Where systemic or regional pathology affecting the microcirculation impairs oxidative metabolism organ function is compromised and symptoms occur [2, 11, 13] ; exercise intolerance and fatigue in voluntary muscle reflect the negative impact of myocardial dysfunction, peripheral vascular disease, and ischemia on the microcirculation [2, 5, 26, 29] , and an intraorgan deficit of blood flow related to abnormal vascular reactivity is described [13] . Figure 6 shows raw data from a NIRS muscle experiment [6] where rhythmic isometric handgrip exercise was followed by arterial occlusion. The patterns of change and Figure 6 : A NIRS study of the effects of forearm muscle contraction and induced ischemia on chromophore change. Reproduced with permission from; [6] . Raw NIRS signals during 1 min of rhythmic isometric handgrip exercise at 20% of the maximum voluntary contraction force (MVC) followed by 45 seconds of arterial occlusion (sphygmomanometer generated). [tHb] decrease. Physiologically, this implies blunting or a lack of the haemodynamic response required to provide energy for detrusor contraction, and the potential for fatigue (exercise intolerance), as happens in striated muscle when oxygen demand exceeds supply [5, 29, 30] . In 3 children with NLUTD a more extreme voiding chromophore pattern occurred ( Figure 5) . Here, the abrupt decrease in [O 2 Hb] and coincident increase in [HHb] following permission to void (5-10 seconds) match the characteristic NIRS patterns observed in muscle [4] [5] [6] 26] and the rabbit bladder [19] in response to hypoxia, and are the same in terms of directional trends to those evident when oxygen debt develops following the onset of arterial occlusion in Figure 6 (785-790 seconds). As children with NLUTD have no known anatomical or neurological basis for their symptoms [31] , it is possible that the physiological basis for their voiding dysfunction could reflect disordered detrusor haemodynamics and oxygenation.
Our findings are also consistent with the known association of reduced bladder blood flow with decreased bladder wall compliance, interstitial cystitis, bladder outlet obstruction (BOO) and aging [14] [15] [16] [17] , and our prior findings of impaired oxygenation in patients symptomatic with BOO [9] and in pilot data from a subset of women with detrusor over activity. Hence, the probability that NIRS changes in chromophore concentration reflect the dynamic and sometimes multidirectional relationship that exists between tissue oxygen delivery and consumption and haemodynamic changes in the microcirculation of the detrusor during voiding, and the rationale for voiding chromophore patterns being different in health and disease.
Limitations. This study used new wireless technology; applications of NIRS involving the bladder are recent; the number of subjects studied is small; variations in the magnitude of change are evident between data sets; the protocol did not include monitoring during natural filling; the bladder was not filled to a standardized volume, and monitoring did not address potential differences in regional blood flow.
However, other NIRS studies [2, [4] [5] [6] show that variations in chromophore magnitude occur due to differences in light penetration and scattering, and indicate that the chromophore patterns we obtained have a measure of reproducibility and that small variations in chromophore concentration which might be considered relevant changes are within the limits of measurement. Further research is required to corroborate our observations and requires parallel standard urologic evaluation. However, we believe our findings are relevant and add to the rationale for confidence that NIRS monitors physiologic changes in the detrusor microcirculation. 
Conclusion

